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Human cortical thickness and surface area are genetically independent, emerge through different neurobiological events during devel-
opment, and are sensitive to different clinical conditions. However, the relationship between changes in the two over time is unknown.
Additionally, longitudinal studies have almost invariably been restricted to older adults, precluding the delineation of adult life span
trajectories of change in cortical structure. In this longitudinal study, we investigated changes in cortical thickness, surface area, and
volume after an average interval of 3.6 years in 207well screenedhealthy adults aged 23–87 years.Wehypothesized that the relationships
amongmetrics are dynamic across the life span, that the primary contributor to cortical volume reductions in aging is cortical thinning,
and that magnitude of change varies with age and region. Changes over time were seen in cortical area (mean annual percentage change
[APC],0.19), thickness (APC,0.35), and volume (APC,0.51) inmost regions. Volume changeswere primarily explainedby changes
in thickness rather than area. A negative relationship between change in thickness and surface area was found across several regions,
where more thinning was associated with less decrease in area, and vice versa. Accelerating changes with increasing age was seen in
temporal and occipital cortices. In contrast, decelerating changes were seen in prefrontal and anterior cingulate cortices. In conclusion,
a dynamic relationship between cortical thickness and surface area changes exists throughout the adult life span. The mixture of
accelerating and decelerating changes further demonstrates the importance of studying these metrics across the entire adult life span.
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Introduction
Individual differences in cortical volume have been attributed to
variability mainly in surface area rather than thickness (Pakken-
berg and Gundersen, 1997; Im et al., 2008). However, although
developmental evidence suggests different change rates among
measures (Raznahan et al., 2011; Wierenga et al., 2014), little is
known about the dynamics of these cortical characteristics in
longitudinal change across the adult life span. While volumetric
decreases in aging have been firmly established (Resnick et al.,
2003; Fjell et al., 2009b; Raz et al., 2010; Pfefferbaum et al., 2013),
the relative contribution of thickness and area effects is unknown,
and area change has rarely been studied longitudinally. In hu-
mans, the primary processes driving cortical surface area and
thickness—cortical column generation and genesis of neurons
within columns, respectively (Rakic, 1988)—are restricted to
prenatal and perinatal life (Bhardwaj et al., 2006). Later changes
are prominent, however, andmay in part be driven by alterations
at the levels of synapses, dendrites, and spines. A number of
studies have identified widespread age differences in cortical
thickness (Fjell et al., 2009a), indicating that this could drive
age-dependent volumetric decrease. Particularly prominent
changes have been observed in prefrontal and temporal regions,
with a possible acceleration of medial temporal decline with age
(Raz et al., 2010; Fjell et al., 2013a, 2014; Pfefferbaum et al., 2013).
However, no study has systematically investigated the relative
dynamics of cortical area and thickness change across the adult
life span, which due to their different underlying biology may be
selectively affected through aging.
Cortical thickness and area show unique regional variations
across the cortical surface (White et al., 2010) and are thought to
be genetically essentially unrelated (Panizzon et al., 2009), sug-
gesting they should be considered separate morphometric fea-
tures of neurodevelopment, aging, and disease (Im et al., 2008;
Dickerson et al., 2009; Ostby et al., 2009; Panizzon et al., 2009;
White et al., 2010;Winkler et al., 2010; Eyler et al., 2011; Lemaitre
et al., 2012). Recently, the relationship between cortical thick-
ness and surface area was characterized cross-sectionally
across adult life (Hogstrom et al., 2013), both showing strong
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negative age relationships. However, independently of age,
thickness and area were negatively correlated, indicating in-
creasing local arealization with decreasing thickness
(Hogstrom et al., 2013). It is unknown whether this may apply
to age changes in area and thickness, as its investigation re-
quires longitudinal measurement.
In this study, we asked how much cortical thickness and area
change with age, and where and when the most prominent
changes occur. We hypothesized, based on neurobiological
knowledge as well as previous cross-sectional data, (1) that the
primary contributor to cortical volume reductions is thickness
reductions, (2) that a negative relationship exists between
changes in area and thickness, (3) that longitudinal changes are
strongest in temporal and prefrontal cortices, and (4) that accel-
erating change occurs with increasing age in selected regions (Raz
et al., 2005). Based on previous neuroanatomical (Fjell et al.,
2014) and cognitive investigations (Ro¨nnlund et al., 2005), a
break point around the age of 60 years was hypothesized for
temporal cortices.
Materials andMethods
Sample. The longitudinal sample was drawn
from the ongoing project Cognition and Plas-
ticity through the Lifespan, run by theResearch
Group for Lifespan Changes in Brain and Cog-
nition, Department of Psychology, University
of Oslo (Fjell et al., 2008; Westlye et al., 2010,
2011). All procedures were approved by the
Regional Committee for Medical and Health
Research Ethics, and written informed consent
was obtained from all participants. For the first
wave of data collection, participants were re-
cruited mainly through newspaper ads. Re-
cruitment for the second wave was by written
invitation to the original participants. At both
time points (Tp1, Tp2), participants were
screened with standardized health interviews.
Participants were required to be right handed,
fluent Norwegian speakers, and have normal
or corrected to normal vision and hearing. Ex-
clusion criteria were history of injury or disease
known to affect CNS function, including neu-
rological or psychiatric illness or serious head
trauma, being under psychiatric treatment, use
of psychoactive drugs known to affect CNS functioning, and MRI con-
traindications. Participants were required to score 26 on the Mini
Mental State Examination (MMSE; Folstein et al., 1975), have a Beck
Depression Inventory (BDI; Beck and Steer, 1987) score of 16, and
score85 on the Wechsler Abbreviated Scale of Intelligence (Wechsler,
1999).
At follow-up, an additional set of inclusion criteria was used: MMSE
(Folstein et al., 1975) score of 26; MMSE change from Tp1 to Tp2 of
10%; California Verbal Learning Test II—Alternative Version (CVLT
II; Delis et al., 2000) immediate delay and long delay T-score of 30;
CVLT II immediate delay and long delay change from Tp1 to Tp2 of
60%.At both time points all scanswere evaluated by a neuroradiologist
and were required to be deemed free of significant injuries or conditions.
Figure 1. Histogram displaying the age distribution at Tp2 in the current sample.
Figure 2. Annual percentage change in cortical area, thickness, and volume, shown on the same scale to highlight variations in
changemagnitude across the threemeasures. Only effects that survived FDR correction for multiple comparisons at the 0.05 level
are displayed. Blue-cyan reflects decreases in area/thickness/volume and red-yellow reflects increases.
Table 1. Characteristics of participants from the first wave of the present study
(Tp1) that did (stayers) or did not (dropouts) take part in the follow-up study, as
well as final sample characteristics at follow-up (Tp2)
Tp1
Diff
D–Sa
Tp2 final
sample
(n 207)
Diff
Tp2–Tp1b
Dropouts
(n 66)
Stayers
(n 207)
Gender 35 females 122 females 122 females
Age in years at
MR scan
47.3 (20.0) 50.2 (16.5) 3.0 53.8 (16.5) 3.6i
Years of educationc 15.2 (2.7) 15.9 (2.6) 0.7 3.3 (0.7) Not applicable
MMSEd 29.3 (0.9) 29.4 (0.7) 0.1 29.1 (1.0) 0.3i
CVLT II IRe 54.6 (12.7) 56.4 (11.7) 1.8 58.1 (11.0) 1.7i
CVLT II SDRf 11.7 (3.4) 12.3 (2.9) 0.6 12.9 (2.9) 0.6i
CVLT II DRg 12.4 (3.2) 12.8 (2.9) 0.4 13.1 (2.7) 0.3
Full-scale intelligence
quotient h
110.5 (8.7) 115.8 (8.6) 5.3i 119.1 (9.8) 3.3i
BDI 3.6 (3.0) 4.5 (3.9) 0.9 Not applicable Not applicable
aComparison of dropouts and stayers at Tp1.
bObserved changes within the final sample from Tp1 to Tp2.
cAt Tp2, a categorical classification system on a four-point scale was introduced: 1, primary school (9 years); 2, high
school (12 years); 3, bachelor’s degree; 4, master’s degree or higher.
dMaximum score, 30.
eCVLT II immediate recall; maximum score, 80.
fCVLT II short delay recall (5 min); maximum score, 16.
gCVLT II delayed recall (30 min); maximum score, 16.
hFour-component Wechsler Abbreviated Scale of Intelligence at Tp1 and two-component Wechsler Abbreviated
Scale of Intelligence at Tp2.
ip 0.01.
Storsve et al. • Cortical Change across the Adult Life Span J. Neurosci., June 18, 2014 • 34(25):8488–8498 • 8489
Two hundred and eighty-one participants completed Tp1 assessment.
For the follow-up study, 42 opted out, 18 could not be located, 3 did not
participate due to health reasons (the nature of these were not disclosed),
and 3 had MRI contraindications, yielding a total of 66 dropouts [35
females; mean (SD) age, 47.3 (20.0) years]. Independent samples t tests
revealed that dropouts had significantly lower full-scale intelligence quo-
tient (t  3.92, p  0.001) but comparable BDI, CVLT, and MMSE
scores (p’s  0.05). Of the 215 participants that completed MRI and
neuropsychological testing at both time points, 8 failed tomeet1 of the
additional inclusion criteria for the follow-up study described above.
This resulted in a final follow-up sample of 207 participants (122 fe-
males) aged 20–84 years at Tp1 and 23–87 years at Tp2. Mean (SD) age
was 50.2 (16.5) years at Tp1 and 53.8 (16.5) years at Tp2.Mean (SD) scan
interval was 3.6 (0.5) years (range, 2.7–4.8 years). Age distribution at Tp2
is displayed in Figure 1. Few participants under the age of 25 (n 7) and
over the age of 80 (n 7) completed testing at both time points,meaning
that age trajectories in these age groups may be somewhat less reliable
than for other age groups. It should be noted, however, that excluding
participants above the age of 80 did not significantly alter the results
of the present study. An independent samples t test revealed no age
(t  1.62, p  0.11) or scan interval (t  0.31, p  0.76) differ-
ences between males and females. Sample characteristics are pre-
sented in Table 1.
Participants included in analyses performed well above average on
cognitive tests and passed a thorough screening procedure, including
health interview, cognitive assessments, and radiological evaluation, thus
minimizing the likelihood of current psychological or neurological diag-
noses confounding results. Furthermore, although preclinical conditions
cannot be completely ruled out, recent reports suggest that morphomet-
ric changes in aging exist, including in the temporal lobes, the prime area
of affection in early AD, likely independent of incipient disease (Driscoll
et al., 2009; Fjell et al., 2013b). However, it should also be noted that
although our primary focus has been to retain a healthy sample, the high
level of functioning generally displayed by our participants means that it
cannot be considered representative of the population of adults as a
whole. For example, given that general cognitive ability is associated with
a thicker cortex (Narr et al., 2007; Schnack et al., 2014) and larger surface
area (Fjell et al., 2013b; Vuoksimaa et al., 2014), it is possible that the
present results to some extent overestimate absolute thickness and sur-
face area values compared with a more representative sample. It is un-
clear, however, whether this sample bias toward higher-functioning
individuals could translate to an underestimation of cortical change,
compared with a more representative sample. Although cognitive train-
ing has been shown to protect against cortical atrophy in older adults
(Engvig et al., 2010), the question of to what extent naturally occurring
higher cognitive abilities protect against longitudinal reductions in cor-
tical thickness and surface area in adulthood is not yet fully understood.
However, to the extent that commonly occurring medical conditions
increase brain aging, the present well screened sample may lead to an
underestimation of the age trajectories in the population.
MRI acquisition. Imaging data were collected using a 12-channel head
coil on a 1.5 T Siemens Avanto scanner (Siemens Medical Solutions) at
Rikshospitalet, Oslo University Hospital. The same scanner and se-
quences were used at both time points. The pulse sequence used for
morphometric analyses were two repeated 160-slice sagittal T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) sequences with
the following parameters: repetition time, 2400 ms; echo time, 3.61 ms;
time to inversion, 1000ms; flip angle, 8°; matrix, 192 192; field of view,
240; voxel size, 1.25  1.25  1.20 mm) per participant per visit. To
increase the signal-to-noise ratio, the two runs were averaged at both
time points. Scanning time for each MPRAGE sequence was 7 min 42 s.
MRI analysis. Image processing and analyses were performed at the
Neuroimaging Analysis Laboratory, Research Group for Lifespan
Changes in Brain and Cognition, Department of Psychology, University
of Oslo. The raw data were reviewed for quality and automatically cor-
rected for spatial distortion due to gradient nonlinearity (Jovicich et al.,
2006) and B1 field inhomogeneity (Sled et al., 1998). For all participants,
the two image volumes collected at each time point were coregistered,
averaged to improve the signal-to-noise ratio, and resampled to isotropic
1mm voxels. Images were first automatically processed cross-sectionally
(independently) for each time point with the FreeSurfer software pack-
age (version 5.1.0; Athinoula A. Martinos Center for Biomedical Imag-
ing, Boston, MA), which is documented and freely available online
(http://surfer.nmr.mgh.harvard.edu/). This processing includes motion
correction, removal of nonbrain tissue, automated Talairach transfor-
mation, intensity correction, volumetric segmentation (Fischl et al.,
2002), and cortical surface reconstruction (Dale et al., 1999; Fischl et al.,
1999a; Fischl and Dale, 2000) and parcellation (Fischl et al., 2004; Desi-
kan et al., 2006). All volumes were inspected for accuracy and minor
manual edits were performed where needed by a trained operator, usu-
ally restricted to removal of nonbrain tissue included within the cortical
boundary. To extract reliable longitudinal cortical volume, thickness and
area change estimates, the cross-sectionally processed images were sub-
sequently run through the longitudinal stream in FreeSurfer (Reuter et
al., 2012). Here, an unbiased within-subject template volume based on
the two cross-sectional images was created for each participant, and pro-
cessing of both time points were then initialized using common infor-
mation from this template. This increased sensitivity and robustness of
the longitudinal analysis and ensured inverse consistency (Reuter et al.,
Table 2. Mean (SD) annual percentage volume, area, and thickness change in the
respective cortical regions
Cortical region
Percentage longitudinal annual cortical change
Volume Area Thickness
Mean
percentage SD
Mean
percentage SD
Mean
percentage SD
Cingulate
Caudal anterior cingulate 0.59a (0.97) 0.24a (0.54) 0.39a (0.93)
Rostral anterior cingulate 0.31a (1.04) 0.09 (0.61) 0.32a (0.86)
Posterior cingulate 0.71a (0.86) 0.37a (0.47) 0.41a (0.72)
Retrosplenial cortex 0.53a (0.81) 0.17a (0.64) 0.35a (0.68)
Frontal
Superior frontal 0.60a (0.82) 0.22a (0.36) 0.40a (0.76)
Caudal middle frontal 0.71a (1.09) 0.30a (0.38) 0.46a (1.00)
Rostral middle frontal 0.49a (1.00) 0.27a (0.39) 0.29a (0.89)
Pars opercularis 0.51a (0.93) 0.52a (0.75) 0.58a (1.62)
Pars triangularis 0.38a (1.06) 0.21a (0.44) 0.22a (0.97)
Pars orbitalis 0.55a (0.93) 0.34a (0.66) 0.23a (0.85)
Lateral orbital frontal 0.51a (0.79) 0.21a (0.41) 0.32a (0.80)
Medial orbital frontal 0.63a (1.04) 0.18a (0.64) 0.48a (0.89)
Frontal pole 0.30a (1.10) 0.12 (1.37) 0.20 (0.98)
Parietal
Insula 0.32a (0.60) 0.15a (0.41) 0.26a (0.48)
Precentral 0.49a (1.12) 0.07 (0.41) 0.41a (1.14)
Postcentral 0.47a (1.09) 0.07 (0.35) 0.37a (1.09)
Paracentral 0.52a (1.12) 0.12a (0.41) 0.36a (1.12)
Superior parietal 0.61a (1.19) 0.17a (0.29) 0.40a (1.10)
Inferior parietal 0.70a (0.95) 0.27a (0.29) 0.45a (0.86)
Supramarginal 0.57a (0.93) 0.21a (0.28) 0.37a (0.84)
Precuneus 0.64a (1.04) 0.21a (0.28) 0.45a (0.91)
Temporal
Parahippocampal 0.59a (0.85) 0.31a (0.42) 0.32a (0.80)
Entorhinal 0.34a (1.18) 0.24a (1.03) 0.19 (0.87)
Temporal pole 0.27a (0.79) 0.11 (0.92) 0.20a (0.62)
Superior temporal 0.46a (0.70) 0.12a (0.27) 0.39a (0.61)
Middle temporal 0.60a (0.78) 0.24a (0.39) 0.42a (0.69)
Inferior temporal 0.68a (0.79) 0.29a (0.40) 0.41a (0.69)
Transverse temporal 0.56a (1.04) 0.40a (0.67) 0.25a (1.04)
Banks sup temporal 0.64a (0.97) 0.30a (0.33) 0.46a (0.89)
Fusiform 0.57a (0.83) 0.25a (0.39) 0.35a (0.73)
Occipital
Lateral occipital 0.52a (0.93) 0.26a (0.43) 0.30a (0.81)
Pericalcarine 0.04 (1.37) 0.16a (0.51) 0.01 (1.06)
Lingual 0.54a (0.90) 0.34a (0.48) 0.28a (0.69)
Cuneus 0.41a (1.15) 0.32a (0.51) 0.14 (0.98)
ap 0.05 (Bonferroni corrected, factor of 34).
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2010),meaning that the inverse transformwas obtainedwhen registering
Tp2–Tp1 as opposed to Tp1–Tp2 (Reuter and Fischl, 2011), which is
critical in longitudinal analyses (Thompson et al., 2011). In addition,
new probabilistic methods (temporal fusion) were applied to further
reduce the variability across time points. Surface maps were resampled,
mapped to a common surface, smoothed using a circularly symmetric
Gaussian kernel with a full-width half-maximum of 15mm (Fischl et al.,
1999b), and submitted to statistical analyses.
Statistical analyses. Statistical analyses were performed by use of Free-
Surfer 5.1.0 (http://surfer.nmr.mgh.harvard.edu/) and IBM SPSS Statistics
20.0. Spaghetti plots and longitudinal curve fitting were performed using
functions freely available through the statistical environment R
(http://www.r-project.org/). Longitudinal change in cortical area, thick-
ness, and volume in each hemispherewas calculated as symmetrizedAPC
(i.e., the annual rate of change with respect to the average volume/thick-
ness/area measure across the two time points). A series of general linear
models (GLMs), as implemented in FreeSurfer, were used to perform
cortical analyses across the surface, and correction for multiple compar-
isons was ensured by either (1) thresholding significance maps by a con-
ventional criterion for correction for multiple comparisons [false
discovery rate (FDR) at 5% level; Genovese et al., 2002], or (2) testing
results against an empirical null distribution of maximum cluster size
across 10,000 iterations using Z Monte Carlo simulations as imple-
mented in FreeSurfer (Hayasaka and Nichols, 2003; Hagler et al., 2006),
synthesized with a cluster-forming threshold of p  0.05 (two-sided).
FDR corrections were used for the analyses of whether change was dif-
ferent from zero and of the relationships among differentmetrics.Monte
Carlo simulations were used to correct the results for the age–change
relationship analyses, since this approach in our experience may be
somewhatmore sensitive to detect effects that are not of greatmagnitude
in terms of extension or intensity. Results from these GLMs were dis-
played on a semi-inflated template brain.We first testedwhether APCs in
cortical area, in thickness, and in volume were significantly different
from zero. Areas that reached significance were then used as a mask
within which APC values were displayed. The relationships among
changes in cortical thickness, area, and volume were then examined by
entering each map as a per-vertex regressor of interest to each other.
Furthermore, using per-vertexGLMswe investigatedwhether there were
any significant effects of sex, scan interval, intracranial volume (ICV),
and age on cortical change. Finally, the significance of the effects of the
interaction term age  sex on cortical area,
thickness, and volume change was tested, with
age and sex included as covariates.
In addition to the vertex-wise analyses, post
hoc region of interest (ROI) analyses were run.
Based on the cortical parcellation in FreeSurfer
(Desikan et al., 2006), longitudinal change in
the left and right hemispheres was compared
with paired one-sample t tests in SPSS. ROI
area is calculated as the sum of the area of each
vertex, and thus dependent on the size of the
ROI, while vertex-wise area depends on the
area of each vertex only. Because volume is the
product of area and thickness, the area and vol-
ume values in ROIs versus the vertex-wise
analyses will not be identical, though nearly the
same. To reduce the number of ROIs in subse-
quent analyses, mean change values across the
right and left hemisphere were used. To illus-
trate cortical change within selected ROIs, spa-
ghetti plots of absolute cortical area, thickness,
and volume change by age were created. As
global fits, such as quadratic models, may be
affected by irrelevant factors, e.g., the sampled
age range (Fjell et al., 2010), an assumption-
free longitudinal nonparametric general addi-
tive mixed model (GAMM) for each ROI as a
function of age was fitted to accurately describe
changes across the studied age range. One-
sample t tests were used to test whether longi-
tudinal change was significantly different from zero for each of the 34
ROIs. All ROI results were Bonferroni corrected by a factor of 34 (reflect-
ing the number of ROIs), approximately corresponding to a corrected 
of p 0.0015.
Results
Longitudinal cortical change across age
Figure 2 depicts mean longitudinal APC across the entire adult
age range for the three cortical measures—area, thickness, and
volume—using a common scale to illustrate between-measure
differences in change and thresholded by a conventional criterion
for correction for multiple comparisons (FDR at 5% level). Sig-
nificant reductions with time were found across most of the cor-
tical mantle for all measures. Greatest annual change was evident
for cortical volume (mean APC, 0.51), next thickness (mean
APC, 0.35), with area changes being smallest (mean APC,
0.19). Table 2 displays change in each ROI for each measure to
illustrate within-measure differences in change between different
cortical regions. Relatively strong volume reductions were found
medially in posterior temporal, posterior cingulate/retrosplenial,
and orbitofrontal cortices, and laterally in temporal, temporopa-
rietal, superior, and caudal middle frontal, and inferior and su-
perior parietal areas. Relatively weak volume effects were found
in lateral prefrontal and medial anterior temporal, insula and
occipital cortices, with no changes observed in precuneus. Thick-
ness effects appeared to bemost pronounced laterally in temporal
and superior and caudal middle frontal cortices, and medially in
posterior cingulate, precuneus, and orbitofrontal cortices. No
changes in cortical thickness were observed in medial occipital
and entorhinal cortices, and relatively weak changes occurred in
medial temporal and lateral prefrontal cortices. As for cortical
area, changesweremost prominent inmedial temporal, occipital,
and posterior cingulate, and no significant reductions were seen
in portions of precentral and postcentral structures. Although
vertex-wise GLMswere not run to formally test differences in age
slopes across regions and measures, this overall pattern of results
Figure3. pvaluemap for thearea–thickness, area–volume, and thickness–volume relationships. Blue-cyan reflects anegative
relationship, in which a relatively large decrease on one measure is associated with a relatively small decrease on the other
measure. Red-yellow reflects apositive relationship,where a relatively largedecrease inonemeasure is associatedwitha relatively
large decrease in the other measure. Only effects that survived FDR correction for multiple comparisons at the 0.05 level are
displayed.
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was supported by a repeated-measures GLM of all FreeSurfer
parcellations, which revealed significant main effects of measure
(FGG(1.2,246.5) 30.2, p 0.0001), due to differential change rates
between measures, and brain region (FGG(9.7,1994.5)  9.62, p 
0.0001), due to different regions changing at different rates, and a
significant interaction between measure and brain region
(FGG(14.1,2904.8)  5.51, p  0.001), due to patterns of regional
change rates differing across measures.
Comparisons between right and left hemisphere change for
each ROI showed no significant hemisphere differences, after
correcting formultiple comparisons. Thus, to reduce the number
of comparisons, the mean values of the two hemispheres were
used in all subsequent ROI analyses. Table 2 shows APC for each
ROI and confirms the pattern of cortical change indicated by the
continuous surface maps. Furthermore, surface GLMs as well as
separate ROI analyses revealed no significant effects of sex, Tp1–
Tp2 scan interval, or ICV on APC in cortical area, thickness, or
Figure 4. A–C, Scatter plots with added linear best fit line, showing the relationships be-
tween annual percentage change (APC) in volume and thickness (A), volume and area (B), and
thickness and area (C), respectively, in the superior parietal cortex.
Table 3. Correlations between annual percentage cortical change in volume and
thickness, volume and area, and thickness and area in cortical regions
Cortical region
Relationships among changes in volume, thickness,
and area
Volume–
thickness Volume–area Thickness–area
r p r p r p
Cingulate
Caudal anterior cingulate 0.81a 106 0.36a 106 0.10 0.166
Rostral anterior cingulate 0.79a 106 0.47a 106 0.01 0.840
Posterior cingulate 0.87a 106 0.34a 106 0.01 0.912
Retrosplenial cortex 0.68a 106 0.45a 106 0.27a 104
Frontal
Superior frontal 0.93a 106 0.15 0.029 0.11 0.105
Caudal middle frontal 0.95a 106 0.03 0.674 0.19 0.006
Rostral middle frontal 0.92a 106 0.38a 106 0.18 0.008
Pars opercularis 0.93a 106 0.09 0.203 0.14 0.041
Pars triangularis 0.93a 106 0.12 0.084 0.14 0.042
Pars orbitalis 0.86a 106 0.24a 0.001 0.17a 0.012
Lateral orbital frontal 0.89a 106 0.33a 106 0.05 0.449
Medial orbital frontal 0.81a 106 0.61a 106 0.16 0.020
Frontal pole 0.66a 106 0.27a 103 0.45a 106
Parietal
Insula 0.78a 106 0.55a 106 0.04 0.550
Precentral 0.97a 106 0.20 0.003 0.41a 106
Postcentral 0.97a 106 0.38a 106 0.58a 106
Paracentral 0.96a 106 0.20 0.004 0.42a 106
Superior parietal 0.97a 106 0.23a 0.001 0.39a 106
Inferior parietal 0.96a 106 0.16 0.024 0.01 0.846
Supramarginal 0.96a 106 0.05 0.508 0.13 0.070
Precuneus 0.97a 106 0.15 0.028 0.00 0.975
Temporal
Parahippocampal 0.89a 106 0.42a 106 0.10 0.146
Entorhinal 0.56a 106 0.56a 106 0.15 0.030
Temporal pole 0.65a 106 0.36a 106 0.35a 106
Superior temporal 0.96a 106 0.39a 106 0.19 0.005
Middle temporal 0.94a 106 0.38a 106 0.16 0.018
Inferior temporal 0.91a 106 0.53a 106 0.27a 104
Transverse temporal 0.90a 106 0.15 0.028 0.53a 106
Banks sup temporal 0.94a 106 0.44a 106 0.26a 103
Fusiform 0.95a 106 0.41a 106 0.22a 0.001
Occipital
Lateral occipital 0.93a 106 0.06 0.426 0.35a 106
Pericalcarine 0.93a 106 0.57a 106 0.29a 104
Lingual 0.89a 106 0.37a 106 0.04 0.541
Cuneus 0.90a 106 0.09 0.193 0.29a 104
ap 0.05 (Bonferroni-corrected, factor of 34).
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volume change. The age–sex interaction termwas also not signif-
icant. Cortical GLMs for effects that did not survive correction
for multiple comparisons are not shown.
Relationship between cortical area, thickness, and
volume change
Figure 3 displays the results of GLMs testing the relationships
among percentage annual cortical area, thickness, and volume
changes across the cortical surface, thresholded at 5% FDR level.
The results show that for large portions of the cortical mantle
there was either no significant relationship or a negative relation-
ship between thickness and area measures, such that relatively
large reductions in cortical thickness are associatedwith relatively
low reductions in cortical area. Positive thickness–area relation-
ships were generally found within sulci. A mix of negative and
positive relationships was found between area change and vol-
ume change, with positive associations predominantly in fronto-
temporal regions, and negative associations in occipital-parietal
regions. As expected, thickness change–volume change relation-
ships were highly positive, indicating increasing cortical thinning
with cortical volume loss. To further illustrate these types of ef-
fects, Figure 4 provides scatterplots of the relationship between
change in the different measures from the superior parietal cor-
tex, in which there is a very strong positive association between
volume and thickness changes (r 0.97), but negative volume–
area (r0.23) and thickness–area (r0.39) associations.
Table 3 displays correlations between cortical area, thickness,
and volume APC for each ROI, and confirms the relationship
between longitudinal changes in these measures observed in the
vertex-wise analyses. Furthermore, analyses of hemispheric
asymmetries in interrelationships by Fisher’s r-to-z transforma-
tions revealed very few differences between the right and left
hemisphere after correcting for multiple comparisons. However,
significant asymmetries were found in the caudal anterior cingu-
late (p  0.001 for thickness–area relationship; p  0.0001 for
volume–area relationship) and the medial orbitofrontal cortex
(p  0.0002 for thickness–area relation-
ship; p  0.0001 for volume–thickness
relationship).
Temporal patterns of longitudinal
cortical change rates
To examine the relationship between brain
atrophy and age, GLMs with annual per-
centage area, thickness, and volume change
at eachvertex entered as separate dependent
variables and age entered as the indepen-
dentvariablewere run.Corrections formul-
tiple comparisons were performed using Z
Monte Carlo simulations. Figure 5 shows
the clusters that survived correction for
multiple comparisons for eachcorticalmea-
sure in each hemisphere. Mean symme-
trized APC in the significant clusters was
extracted to allow for post hoc analyses.
Given that age effects are overlapping across
area, thickness, and volume, clusters identi-
fied for volume change were used as a refer-
ence point from which the relative
contributions of area change and thickness
change with age are described. In the left
hemisphere, the following fourclusterswere
identified as having a nonconstant rate of
volume change across the sampled age range (APC–age correlations
are given in brackets): accelerating volume change was seen bilater-
ally in occipital (left hemisphere, r0.29; right hemisphere, r
0.29)and temporal (lefthemisphere, r0.29; righthemisphere,
r0.26) clusters, as well as in a left hemisphere cluster covering
part of fusiform, retrosplenial, cuneus, and precuneus cortices (r
0.24). Decelerating change was seen in a right inferior prefrontal
cluster (r0.25), and in the left hemisphere in clusters coveringpart
of the pars opercularis/precentral and insula cortices (r  0.24, as
well as the anterior cingulate, r0.22). Inspectionof age-dependent
area and thickness change suggests that age-dependent volume ef-
fects were predominantly driven by changes in area in posterior/
occipital and temporal regions (acceleration of change with age).
Deceleration of change with age in frontal and anterior cingulate
regions was seen across all measures.
Figures 6 (lateral cortices), 7 (medial cortices), and 8 (frontal
cortices) present spaghetti plots (raw values at tp1 and tp2 for each
participant) for selected cortical regions and further highlight the
complex relationship between age and cortical change. The GAMM
fit line represents the best local fit of the data and is often more
sensitive to deviations from linearity than the global fit surface anal-
yses (age–change) presented in Figure 5. As expected from the sur-
face analyses, overall reductions in cortical area, thickness, and
volume with age, both on the individual (longitudinal) and group
(cross-sectional) level, was observed, and cortical area remained
more stable thandid cortical thickness across the sampled age range.
Figure6 indicatesanegative linear relationshipbetweenageandtotal
cortical area, thickness, and volume. This linear trend is reflected in
most lateral regions, but with lateral occipital cortex showing an
acceleration of change with age for thickness and volume and supe-
rior temporal showingaccelerated thickness reduction fromapprox-
imately age 60. Figure 7 shows a more complex picture for selected
medial cortices. While the rate of decline for cortical area remained
linear across most structures, with the exception of posterior cingu-
late and parahippocampal cortices, which showed tendencies to-
ward accelerated reductions after age 60, measures of thickness and
Figure 5. Cortical regions (clusters) showing evidence of nonconstant levels of atrophy (area, thickness, volume) across age,
following correction for multiple comparisons using cluster size correction by means of Monte Carlo simulations ( p values dis-
played). Red-yellow reflects deceleration of atrophy with increasing age and blue-cyan reflects acceleration of atrophy with
increasing age.
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volume change predominantly displayed
nonlinear trajectories. Precuneus, posterior
cingulate, rostral anterior cingulate, and es-
pecially entorhinal cortices showed acceler-
ated reduction in thickness late in life (60
years of age), a pattern that is preceded by
relatively little change/deceleration of
change midlife. While thickness reduction
in early adulthood (age 20–40) was evident
in most structures, entorhinal cortex thick-
ness appeared to remain more or less stable
before showing steep thickness reduction
from age 60. Although this effect did not
survive Monte Carlo correction in the sur-
faceGLM,accelerationof entorhinal change
with age became apparent with slightly
more liberal correction criteria. The appar-
ent discrepancy between the trajectory for
area in entorhinal cortex from the quadratic
function(surfaceplot) versus theGAMMfit
(scatterplot) may have arisen partly due to
different fit functions and partly due to the
differences in calculation of area in Free-
Surfer in ROIs versus vertex-wise analyses
(see above). As expected, given the strong
relationship between changes in thickness
and changes in volume, volume followed a
similar but less pronounced trajectory to
that of thickness for most cortical regions.
Figure 8 shows change trajectories for fron-
tal cortices. Area appears to decline linearly
for all ROIs except possibleminor decelera-
tionwithage for superior androstralmiddle
frontal. Small deviations from linearity in
thickness can be seen for pars orbitalis
(decelerates), pars opercularis (deceler-
ates), rostral middle frontal (decelera-
tion followed by acceleration), and
medial orbitofrontal (deceleration followed
by acceleration). All displayed some volume
changedecelerationmidlife,withmedialor-
bitofrontal showing subsequent accelera-
tion in late life.
Discussion
In the present study, we observed marked
changes over time in cortical area, thick-
ness, and volume, which were not uni-
form across regions or age. Further,
complex relationships among changes in
the different metrics were observed, un-
derscoring the fundamental differences
among thickness, area, and volume as
measures of cortical structural change.
The results are discussed in relation to our
initial hypotheses.
Hypotheses 1 and 2: the primary contributor to cortical
volume reductions is thickness reductions, and there is a
negative relationship between age-dependent changes in area
and thickness
The current study highlights the need to consider cortical thick-
ness and area change separately. Previous studies have estab-
lished that area and thickness are genetically independent
(Panizzon et al., 2009), but longitudinal studies have not in-
vestigated how changes in cortical volume, thickness, and area
are related. In support of Hypothesis 1, a strong positive rela-
tionship between thickness change and volume change was
found across the entire cortical surface, whereas area change
Figure 6. Spaghetti plots of area (mm2), thickness (mm), and volume (mm3) for cerebral cortex and selected lateral cortical
regions. Average values of left and right hemisphere are displayed. For each region, an assumption-free general additivemodel as
a function of age was fitted to accurately describe changes across the studied age range. Males are represented by blue lines,
females by red lines.
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showed a mix of positive, negative, and null relationships with vol-
umechange,with apronounceddorsal (negative)–ventral (positive)
gradient of correlations. Although a mix of positive, negative, and
null relationships were found also between cortical thickness and
area change, the relatively large number of vertices displaying a neg-
ative relationship between these measures provides at least partial
support for Hypothesis 2 and extends the findings of a previously
reported cross-sectional study performed
on a partly overlapping sample (Hogstrom
et al., 2013), where adults with a larger sur-
face area tended to have thinner cortices.
Most of the individual variation in
human cortical volumes is due to varia-
tion in surface area, rather than thick-
ness (Im et al., 2008). However, the
present study suggests that the main
driver of cortical volume change is
thickness change. The fundamental
mechanisms underlying the observed
negative relationship between cortical
thickness and area are possibly related
to interactions between early neurode-
velopmental processes, including
pruning, life-long reshaping, and neu-
rodegenerative processes related to ag-
ing. It has been suggested that cortical
area expansion might be more efficient
in terms of facilitating brain connectiv-
ity than increasing cortical thickness
(Ruppin et al., 1993; Murre and Sturdy,
1995), and that pruning during early
stages of life is a prerequisite for optimal
area increases (White et al., 2010). As
such, increases in surface area may be
related to cortical thinning, which
should result in a negative relationship
between these two measures in healthy
development that is also evident in ag-
ing. Another explanation relates to the
gray matter–white matter (GM–WM)
border becoming fuzzier with increas-
ing age. We have previously shown that
the GM–WM contrast directly under-
neath and above the WM surface is re-
duced in healthy aging (Westlye et al.,
2009), likely partly due to changes in
myelin content intracortically and in
the superficial WM (Grydeland et al.,
2013). This could have opposite effects
on thickness and area estimates. As area
is measured along the WM surface to
avoid confounding effects of GM atro-
phy, a shift of the GM–WM border fur-
ther into WM would result in a
reduction of surface area estimates and
at the same time partly counter the age-
related thickness reductions. This way, a
negative correlation between the two mea-
sures could appear both in cross-sectional
and longitudinal data, although both area
and thickness are reduced with time and
negatively correlated with age. Future stud-
ies shouldaddress thishypothesisdirectlyby
relating GM–WM contrast changes to degree of area shrinkage.
However, regardless of the exact interpretation of the complex
relationship between the different metrics, it appears that
changes are driven by partly independent underlying neuro-
biological mechanisms that are differentially affected over
time, highlighting the need to consider these as separate mea-
sures of cortical structural change.
Figure 7. Spaghetti plots of area (mm 2), thickness (mm), and volume (mm 3) for selected medial cortical regions.
Average values of left and right hemisphere are displayed. For each region, an assumption-free general additive model as
a function of age was fitted to accurately describe changes across the studied age range. Males are represented by blue
lines, females by red lines.
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Hypothesis 3: longitudinal changes are
strongest in temporal and
prefrontal cortices
Significant reductions over time were
found across most of the cortical mantle
for all measures. The greatest magnitude
of change was evident for cortical volume,
next thickness, with area changes being
relatively minor in comparison. Rather
than being predominantly restricted to
temporal and prefrontal cortices, as pre-
dicted in Hypothesis 3, strong volume ef-
fects were found across the cortical
mantle; bilaterally medially especially in
posterior temporal, posterior cingulate/
retrosplenial, superior parietal/precu-
neus, and superior frontal cortices, and
laterally in temporal, superior frontal, and
inferior parietal areas. This pattern corre-
sponds well with previous cross-sectional
and more age-restricted longitudinal
(Resnick et al., 2003; Fjell et al., 2009b,
2013a; Raz et al., 2010; Pfefferbaum et al.,
2013) investigations of volume change in
healthy older adults. The present results
extend previous findings in showing that
the volume reductions in occipital corti-
ces are primarily due to area decreasesme-
dially. Interestingly, area and thickness
reduction also seems to be pronounced in
regions involved in the default mode net-
work (Buckner et al., 2008), a collection of
structures involved in episodicmemory, in-
cluding the temporal lobes, supramarginal
gyrus (predominantly thickness reduc-
tions), precuneus cortex (predominantly
thickness reductions), and posterior cingu-
late cortex. Reductions were not restricted
to these regions, however, but rather af-
fected regions known to support a number
of different cognitive functions. As for
changes in cortical area, no significant re-
ductions were seen in large portions of pre-
central and postcentral structures, in line
with previous cross-sectional results
(Hogstrom et al., 2013). In these structures,
marked thinning was, however, observed,
resulting in significant, yet not overall the
strongest volume reduction, in linewith an-
other recent longitudinal study on these ar-
eas (Pfefferbaum et al., 2013). It should be
noted, however, that GM–WM contrast
tends to be poorer in these regions, which
can affect the thickness estimation and pos-
sibly the estimated longitudinal change.
Hypothesis 4: there are accelerating changes with increasing
age, with a break point around the age of 60 for temporal
cortices
Accelerating cortical volume change with age was found bilater-
ally in occipital and temporal cortices, in support ofHypothesis 4,
with especially marked age effects found in entorhinal cortex, as
well as in a left hemisphere cluster covering part of fusiform,
retrosplenial, and precuneus cortices. Increased atrophy rates
with age in the temporal cortices, including the entorhinal cortex,
and in the occipital cortices have previously been reported cross-
sectionally (Fjell et al., 2014), but findings from ROI-driven or
more age-restricted longitudinal samples are mixed, with some
studies reporting linear trends for temporal cortices (Raz et al.,
2005, 2010) and others showing nonlinear, accelerating temporal
(Fjell et al., 2009b) and occipital (Pfefferbaum et al., 2013)
Figure 8. Spaghetti plots of area (mm2), thickness (mm), and volume (mm3) for selected frontal cortical regions. Average
values of left and right hemisphere are displayed. For each region, an assumption-free general additivemodel as a function of age
was fitted to accurately describe changes across the studied age range. Males are represented by blue lines, females by red lines.
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change. Interestingly, decelerating change was seen in a cluster in
the right prefrontal area, and left in clusters covering part of the
pars opercularis/precentral and insula cortices as well as the an-
terior cingulate. This pattern is inconsistent with some previous
longitudinal studies (Raz et al., 2005, 2010; Pfefferbaum et al.,
2013), but in line with recent cross-sectional thickness data (Fjell
et al., 2014), and could also help explain a previous failure to
detect significant longitudinal annual atrophy or atrophy–age
correlations in selected frontal (e.g., pars orbitalis) and anterior
cingulate (e.g., rostral anterior cingulate) cortices in a healthy
sample 60–91 years of age (Fjell et al., 2009b, 2014). A previous
report showed that volume differences between younger and
older adults in entorhinal and parahippocampal cortices were
predominantly due to cortical surface area differences rather than
differences in cortical thickness (Dickerson et al., 2009). This is
consistent with our finding that area effects contribute to volume
decline in temporal cortices, but the fit curves still indicate that
thickness change was partly responsible for the acceleration of
volumetric reduction in the last part of life. Interestingly, a recent
study found that heritability for area and thickness differed across
the cortex (Eyler et al., 2012). Surface area in medial temporal
lobe regions was found to have lower genetic influences than did
frontal areas (Eyler et al., 2011).
The relative contributions of area and thickness to age-
dependent acceleration and deceleration of volume change has
not been described previously, and the current results suggest
that volume changewith age is not a uniformprocess but rather is
the result of separatemechanisms in separate anatomical regions,
in line with cross-sectional heritability studies. This further high-
lights the need to take multiple measures of cortical atrophy into
consideration to gain a better understanding of the neurobiolog-
ical processes that characterize normal aging. To this end, future
studies should also aim to describe the present pattern of accel-
erating and decelerating cortical changes in relation to possibly
corresponding trajectories of cognitive functions.
Concluding remarks
The current study showed that age-related atrophy is a general
feature of normal aging. Further, although thickness change was
most closely related to volume change, area and thickness change
appeared to have both overlapping and differential effects on
volume change across the adult life span. The patterns of regional
accelerating versus decelerating area and thickness change in
temporal and occipital cortices versus prefrontal and anterior
cingulate cortices should be further investigated, as this could
have important implications for our understanding of which bio-
markers aremost sensitive to the effects of aging in healthy adults.
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